Laser induced high frequency acoustic wave generation, propagation, and focusing in water are studied. A large area, flat, and short duration acoustic wave was generated by the thermoelastic interaction of a homogenized short pulsed laser beam with the liquid-solid interface and propagated at the speed of sound. Laser flash Schlieren photography was used to visualize the transient interaction of the flat acoustic wave with a cylindrical concave lens and the subsequent acoustic wave focusing. Numerical simulations showed the acoustic wave could be focused to several tens of microns in size and 7 bars in pressure.
The laser induced acoustic wave technique provides effective control of the spatial and temporal structure of the generated sound pulse, especially in laser-based acoustic microscopy, 10 biomedical ultrasound imaging, 11 and biological material processing. 12, 13 Focusing of acoustic waves is important not only for achieving lateral resolution enhancement in ultrasound imaging but also in order to yield higher pressure amplitude. This is because acoustic wave generation by thermoelastic expansion is more desirable in many technical applications due to the destructive nature of the surface ablation and subsequent plasma formation in spite of the superior energy conversion efficiency. 9 However, acoustic wave formation by thermoelastic expansion has low laser energy conversion efficiency and needs to be amplified in most cases.
The concept of acoustic wave focusing can be found in several publications 14 and has been extensively studied, both from the theoretical and computational viewpoints. 11, [15] [16] [17] [18] Experimental studies have aimed at transient point detection of propagating laser induced acoustic waves by utilizing capacitance transducers, 19 piezoelectric transducers, 14 or hydrophones. 11 This approach can only be applied to idealized one-dimensional geometries and fails to capture the detailed acoustic wave behavior inside the medium, especially for complex two-dimensional or three-dimensional configurations. In any case, to the authors' knowledge, there are no reports on the direct observation of laser induced acoustic wave focusing.
In this letter, we present time resolved imaging of laser induced short acoustic plane wave propagation in water and the subsequent interaction and focusing by a submerged acoustic focusing lens. We experimentally and numerically demonstrate the thermoelastic generation of spatially large, flat profile and very short duration acoustic waves by impinging short pulsed laser radiation on a thin metal film in contact with a liquid. Furthermore, we demonstrate that these waves can be focused down to a domain of several tens of microns in size.
For the experiments, as shown in Fig. 1͑a͒ a frequency doubled, homogenized neodymium-doped yttrium alua͒ Electronic mail: cgrigoro@me.berkeley.edu FIG. 1. ͑Color online͒ ͑a͒ Schematic diagram of experimental setup for a laser induced acoustic wave generation with a homogenized Nd:YAG laser and for the acoustic wave time resolved observation by a laser flash Schlieren photography with a delayed nitrogen dye laser illumination. The vacuum deposited metal thin film ͑chromium, 100 nm͒ on quartz substrate ͑800 m͒ was completely immersed in DI water which filled a cuvette made of fused quartz. ͑b͒ Transient pressure signal of the laser induced acoustic wave ͑open square symbols͒ measured by a LiNbO 3 piezoelectric transducer and its asymmetric double sigmoidal fit ͑red solid line͒ ͑Ref. 25͒. minium garnet ͑Nd:YAG͒ pulsed laser beam ͓wavelength = 532 nm, pulse width= 5 ns full width at half maximum ͑FWHM͔͒ was applied normal to the metal film to induce thermal expansion of the thin film and thus launch an acoustic wave into an optically and acoustically transparent liquid medium such as de-ionized water ͑DI͒ water. The Nd:YAG laser beam cross section was shaped to a 2 ϫ 2 mm 2 flattop beam profile of very good spatial uniformity by a microlens laser beam homogenizer combined with a 10ϫ long working distance objective lens. The applied laser fluence was around 12-14 mJ/ cm 2 that falls within the thermoelastic pressure production regime. 9 The laser absorbing solid sample was a vacuum deposited 100-nm-thick chromium film on a 800 m thick fused quartz substrate and was completely immersed in water that fills a cuvette made of fused quartz.
Laser flash Schlieren photography 20 was used to acquire time resolved images of the laser induced acoustic wave propagation in water. At a certain time delay after the firing of the Nd:YAG laser beam, the nitrogen laser pumped dye laser beam ͑wavelength= 440 nm, pulse width= 10 ns FWHM͒ was expanded and applied parallel to the metal thin film surface as a synchronized illumination light source. A short pass filter was placed in front of the zoom lens to block the Nd:YAG laser beam. Upon encountering pressureinduced refractive index variations, the imaging laser beam bends. Time resolved frozen images of the acoustic waves are acquired via this mechanism. The temporal interval between the processing Nd:YAG and the illuminating nitrogen dye laser beams was controlled by a delay generator and varied from 0 -2200 ns. All images went through background correction image processing by subtracting a background image from the pressure wave images. The transient acoustic wave pressure was measured by a commercial lithium niobate ͑LiNbO 3 ͒ piezoelectric transducer ͑100 MHz͒ by Science Brothers. The pressure transducer was plugged into the cuvette facing the laser irradiated solid surface ͑4 mm away͒ at a normal angle. For the applied laser fluence ͑12-14 mJ/ cm 2 ͒, the peak acoustic pulse amplitude released into the liquid was approximately 2.5 bar ͓Fig. 1͑b͔͒.
Time resolved laser flash Schlieren photography images of plane acoustic wave propagation and focusing in water are presented in Fig. 2͑a͒ . The initial laser induced acoustic wave ͑0 ns͒ just launched from the surface was very flat and had similar size ͑2 ϫ 2 mm 2 ͒ as the incident homogenized Nd:YAG laser beam, except for a slight smoothening at the edges due to acoustic wave diffraction. The primary acoustic wave was followed by several weaker secondary waves ͓in-dicated by arrows in Fig. 2͑a͒ , 0 ns͔ that were generated by multiple reflections on the bounding surfaces of the quartz wafer bearing the absorbing chromium ͑Cr͒ thin film. The plane acoustic wave traveled to the right side at sonic speed ͑1481 m / s͒ without significant damping within this time range. However, the acoustic wave decayed after multiple reflections in water. The dotted line marks the surface of the cylindrical fused silica concave lens whose optical focal length is 2.1 mm.
The detected pressure transient of laser induced acoustic wave presented in Fig. 1͑b͒ was of 50 ns pulse width ͑corre-sponding frequency at about 20 MHz͒. Considering the acoustic attenuation coefficient ͓␣ ac ͓1/m͔͔ in water that increases proportionally to the square of frequency, i.e., ␣ ac = 2.5ϫ 10 −15 f, 2,21 the acoustic penetration depth at 20 MHz is calculated to be 10 cm. Laser induced acoustic wave is usually attributed to thermal expansion, rapid bubble growth, and collapse, as well as to plasma formation at higher applied laser energy densities. For the laser energy levels considered in this work, the latter two mechanisms are unlikely to contribute. 6 Upon laser induced heating, both the liquid and the Cr thin film experience thermoelastic expansion and stress field. The Nd:YAG energy fluence applied to induce pressure wave was around 12-14 mJ/ cm 2 that is substantially lower than the chromium melting threshold ͑120 mJ/ cm 2 ͒ ͑Refs. 22 and 23͒ and even smaller than the reported bubble nucleation threshold ͑36.5 mJ/ cm 2 ͒. 6 Accordingly, no visual evidence of melting was found after repeated experiments. Therefore, the transient laser induced pressure waves observed are attributed solely to the thermoelastic response of the metal thin film and the adjacent liquid.
The propagating planar acoustic wave reflected at an elapsed time of 600 ns on the focusing lens and was transformed into cylindrically shaped acoustic wave ͑1000 ns͒ propagating to left side. This cylindrical wave focused tightly into a point at 1400 ns and then diverged into an expanding cylindrical acoustic wave whose images are depicted at 1800 and 2200 ns. The expanding cylindrical wave reflected again on the chromium thin film surface where it originated and kept bouncing back and forth between the two solid structures ͑Cr film and cylindrical fused silica lens͒ inside the water. Video files can be found in supporting materials. 24 The acoustic focal point was observed at 1.04 mm from the cylindrical lens surface. This is very close to the optical focal point ͑1.05 mm͒ calculated from mirror formula ͑1/S o +1/S i =−2/R͒. Although there is an analogy between acoustic and light waves, obviously the specific wave characteristics such as propagation speed and wavelength are entirely different.
Finite element method based numerical simulations were performed to compare with the experimental results. The acoustic pressure P in a lossless medium is governed by the following equation:
where 0 is the density ͑kg/ m 3 ͒, c s is the speed of sound ͑m/s͒, and Q is the source. ͑1/s 2 ͒. The transient pressure source was assumed to follow the detected pressure ͓Fig. 1͑b͔͒ and was assigned as the initial pressure boundary condition exerted by the Cr thin film. The impedance and radiation pressure boundary conditions were applied, respectively, to model the interaction with the cylindrical lens wall and the outgoing wave leaving the computational domain. All calculations were performed via the commercially available software COMSOL 3.3. The numerical simulation results showed excellent agreement with the experimental observations ͑Fig. 2͒.
The acoustic wave size and pressure magnitude are of primary interest in this work. However, their measurement is very difficult due to the extremely small focus size. Our numerical simulations revealed that the focused acoustic wave has a 48 m focal size ͑FWHM͒ and a 7 bar magnitude. These parameters are greatly influenced by the laser pulse width that generates the initial thermoelastic acoustic wave. The numerical predictions of the acoustic wave focal spot size and pressure amplitude for different laser pulse widths ͑28, 140, 280, 700, and 1400 ns FWHM͒ are presented in Fig. 3 . As the laser pulse width tightens, the acoustic wave focusing effect becomes more pronounced. When a microsecond laser pulse was applied, almost no focusing could be observed. This result underlines the importance of utilizing short pulses to achieve efficient acoustic focusing and also suggests the possibility of focusing improvement via ultrashort, pico-or femtosecond pulses.
The effect of liquid viscosity on the acoustic wave propagation was also investigated. The fluid viscosity was varied by mixing glycerol with DI water to yield liquid of 1, 10, and 100 CP in viscosity. The acoustic wave was observed to move faster in the higher viscosity liquid. 10 CP liquid showed a speed of sound of 1672 m / s and 100 CP liquid showed 1800 m / s that is close to speed of sound in glycerol ͑1900 m / s͒.
In summary, an experimental and numerical investigation of laser induced acoustic wave generation, propagation, interaction with rigid structure, and focusing in water in contact with an absorbing chromium film is presented in this letter. A homogenized Nd:YAG laser beam ͑532 nm, 4 ns pulse width͒ was irradiated on a Cr thin film on quartz substrate. A sharp flat acoustic wave was generated by laser induced thermoelastic stress, and the generated acoustic wave propagated at the speed of sound in water. Time resolved laser flash Schlieren photography images of the acoustic wave propagation in the water and interaction with submerged rigid structures were captured. Our simulations results demonstrate that the nanosecond laser induced acoustic wave can be focused to several tens of micron size with several bar pressure amplitudes.
This work was supported by the financial support to the University of California, Berkeley by Xerox. 
